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Spitzer imaging of the jet driving the NGC 2264 G outflow 
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ABSTRACT 

We present new infrared imaging of the NGC 2264 G protostellar outflow region, ob- 
tained with the InfraRed Array Camera (IRAC) on-board the Spitzer Space Telescope. 
A jet in the red outflow lobe (eastern lobe) is clearly detected in all four IRAC bands 
and, for the first time, is shown to continuously extend over the entire length of the red 
outflow lobe traced by CO observations. The redshifted jet also extends to a deeply 
embedded Class source, VLA2, confirming previous suggestions that it is the driv- 
ing source of the outflow (| Gomez et al.lll994l) . The images show that the easternmost 
part of the redshifted jet exhibits what appear to be multiple changes of direction. To 
understand the redshifted jet morphology we explore several mechanisms that could 
generate such apparent changes of direction. From this analysis, we conclude that the 
redshifted jet structure and morphology visible in the IRAC images can be largely, 
although not entirely, explained by a slowly precessing jet (period « 8000 yr) that lies 
mostly on the plane of the sky. It appears that the observed changes in the redshifted 
jet direction may be sufficient to account for a significant fraction of the broadening 
of the outflow lobe observed in the CO emission. 



Key words: ISM: jets and outflows — ISM: individual (NGC 2264 G) 



1 INTRODUCTION 

It is well established that the early stages of star for- 
mation are accompanied by an energetic molecular out- 
flow that is driven by a fast underlying wind. In con- 
trast, the nature of this wind remains disputed and is typ- 
ically mode ll ed as eithe r a wi de-angle wind (e.g. IShu et all 
199lL" 



. .19951: Lee et ail 2001 ) or a collimated j et (e.g. 
Raga fc Cabrit I Il993l: iMasson fc Chernin I Il993l : IStahlerl 
1994 iKonigl fc Pudrit j |2000h . The latter class of model is 



the possibility that jets can act to broaden outflows, there is 
recent evi dence of a precessin g jet excavating a protostellar 
envelope (|Ybarra et al.ll2006l ). Nevertheless, clear evidence 
that a jet can broaden a molecular outflow to an extent com- 
parable to that seen in the CO observations is still lacking. 

iFich fc Ladal (| 19971 ) found indications of jet induced 
broadening of an outflow in the case of NGC 2264 G. This 
is a powerful, early-stage, bipolar molecular outflow dis- 
covered in a survey o f high-velocity gas in NGC 2264 



made particularly appealing by the observation that pro- 
tostellar jets and molecular outflows are often associate d 
with the same young stellar objects (e.g. iBachilleil 1 19961 ). 
However, models of jet-driven outflows are unable to pro- 
duce the wide cavities often displayed in CO maps. It has 
frequently been proposed that variation in the direction 
of the jet propagatio n may act to broaden the outflow 
(|Raga fc Cabrit Ill993l ). Indeed, there is mounting observa- 
tional evidenc e that jets do change direction within their 
outflows (e.g. iBence et all 1 19961; ISchwartz fc Greene! [l999l : 
iDavis et al.ll2000l : lArce fc Goodmanll200ll . l2002l ). Along with 
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llMargulis fc Lada~l 19861). si t uated at a distance of 800 pc 
i|Walkerll 19561 ). iGomez et al.l l| 19941 ) suggested that the driv- 
ing engine for this outflow is VLA2, a protostar that is lo- 
cated between the two CO lobes. These researchers found 
that this radio continuum source, observed at 6 cm and 
3.6 cm, is spatially coincident with an ammonia clump (T ~ 
15 K). They additionally found that the source observed at 
3.6 cm presented an elongated axis that was approximately 
parallel to that of the NGC 2264 G outflow and proposed 
tha t the continuum emission co rresponds to a collimated 
iet. IWard-Thompson et alJ ljl995h observed VLA2 with the 
JCMT and classified it as a Class protostar based on its 
ratio of submillimeter (L su b m m ~0.3Lq) and bolometric lu- 
minosities (L* ~12Lq). They estimate a mass for the dust 
continuum source (VLA 2+envelope) of 2-4M0. 

NGC 2264 G extends 1.6 pc along an east-west direc- 
tion (jCaratti o Garatti et alj|2006l ). is highly collimated, has 
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Figure 1. Colour composite image of the NGC 2264 G outflow region, where red corresponds to 8 /an, green to 4.5 fim, and blue to 
3.6 fim I RAC data. We see the jet associated with the red lobe of the outflow in greenish hues, extending over 1.1 pc (assuming a distance 
of 800 pc; Walker 1953). The numbered dashed vertical lines mark the locations where the jet appears to change direction in the red CO 
lobe (coordinates (oji,<5i), (02,^ 2), and (03,153), see tex t for details), while the bottom horizontal arrows indicate the location of the 
red and blue CO emission lobes llMargulis fc La da 1986). The driving source of the jet, VLA2, is identified as well as VLA 1 and bow 
shock structures of the jet. 



a mechanical lumin osity of «1 L© and a mass of psIM© 
l|Lada fc Fichl I1996T). and has been extensively mapped i n 
lines of CO (e.g. lMargulis fc Lada ll98r3 ; lFich fc Ladall998t ). 
The outflo w displays a "Hubb le law" velocity distribution, 
from which lLada fc Fichl (|l99fj ) were able to estimate an up- 
per limit to the dynamical time of 3-4xl0 4 yr. In addition, 
there is an 'S-shaped' symmetry to the outflow, with low 
velocity (« 6 km s _1 ) CO emission tracing a cavity near 
to the source while the more collimated high velocity (~ 
40 km s" 1 ) CO emissi on lies along a diff erent axis toward 
the end of the outflow (|Lada fc Fichll 19961 ). Finally, the high 
degree of co llimation and highly bipolar nature of the CO 
outflow lead iFich fc Ladal (|l997l ) to conclude that the out- 
flow must lie within 20 degrees of the sky. 

NGC 2264 G has al so been imaged in H 2 v=l-0 S(l) by 
iDavis fc Eisloffel (| 19951 ) , who interpreted bright knots at the 
east edge of the outflow as a signature of a turbulent mixing 
layer at the boundary betwe en outflow and ambient medium , 
and at higher resolution bv lCaratti o Garatti et aL I (|2006l ). 
who found chains of knots the y attribute to a jet along 
the outflow. IFich fc Ladal (| 19971 ) compare d the CO maps of 
lLada fc Fichl (|l996t ) with the H 2 images of IDavis fc Eisloffell 
(|1995| ) and noted that the bright H 2 knots coincided with 
points at which the axis of CO changed direction. On the 
basis of this, they suggested that the high velocity CO emis- 
sion in both lobes of the outflow traced the molecular com- 
ponent of a deflected jet. Furthermore, they speculated that 
such deflections could serve to broaden the CO outflow lobes 
to an extent comparable to that observed. The aim of this 
paper is to investigate their hypothesis. 

The Spitzer Space Telescope has provided the astro- 
no mical community with strikin g images of protostellar jets 
(e.g lNoriega-Crespo et ai1l2004l ). The plethora of molecular 
lines that fall within the InfraRed Array Camera (IRAC) 
broad band filters, combined with the high sensitivity of 
the detector, show detailed features that are observation- 
ally unaccessible to near-infrared or optical imaging, or even 
to ground-based mid-infrared imaging. Here, we present 
IRAC images of the NGC 2264 G outflow that clearly show 
a jet, which appears to exhibit three changes of direction 
in its easternmost part. In conjunction with CO maps from 



IFich fc Lad"al { 1998), wc reconsider the evidence for deflec- 
tion of the outflow presented by IFich fc Ladal (|l997h and 
explore other jet-bending mechanisms, in particular, preces- 
sion. 

The structure of the paper is the following: in §[2]we give 
a brief description of the observations and data reduction; in 
§|3]we present the results obtained from our analysis; and, in 
§U we discuss several possible jet bending mechanisms with 
a view to explaining the observed jet morphology. Finally, 
in §[5] we summarize our main conclusions. 



2 OBSERVATIONS AND REDUCTION 

NGC 2264 G was observed with IRAC onboard the Spitzer 
Space Telescope as part of the Spitzer Guaranteed Time 
Obse rvation program 37 (|Fazio et alj |2004 iTeixeira et al.l 
120061 ). The data were acquired in two epochs, with two 
dithers each, and consist of observations in all four IRAC 
bands (3.6, 4.5, 5.8, and 8^tm). Each dither observed con- 
sists of consecutive exposures of 0.4 s and 10.4 s integration 
times. Data reduction and calibration were performed with 
the Spitzer Science Center (SSC) pipeline, version S14. We 
combined the four images downloaded from the SSC archive 
into a final mosaic for each band. 



3 RESULTS 

Figure [1] shows a colour composite image of the red lobe 
(east) and part of the blue lobe (west) of the NGC 2264 G 
outflow region, built from 3.6, 4.5, and 8 ^tm data. We detect 
emission from a jet in all four IRAC bands, as shown in Fig- 
ure the jet is brightest in band 2 (4.5 /^m) and takes the 
form of a narrow, near-continuous feature that extends over 
the entire length of the red lobe (1.1 pc) of the CO outflow. 
As we can see from Figure [TJ the redshifted jet clearly traces 
back to the protostar VLA 2, directly confirming that this 
source is ind eed driving th e jet a nd outflow, as previously 
suggested by I Gomez et al.l (|l994l ) . We do not detect a jet 
corresponding to the blue-shifted CO lobe; instead, we ob- 
serve only a tight clustering of bright knots (a ~ 06 h 41 m 06 s , 
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Figure 2. IRAC grcyscalc images of the NGC2264 G region. The jet is detected in all four IRAC bands but is brightest at 4.5 (mi. 



06 h 41 m 08.5 s ). In general, one expects the redshifted jet, and 
its associated outflow lobe, to move deeper into the parental 
molecular cloud and hence suffer more extinction than the 
blue counterpart; this is not the case for NGC 2264 G. 

We note that the IRAC 5.8 /^m and 8 /im broad bands 
include Polycyclic Aromatic Hydro carbon (PAH) emis- 
sion lines (6.2 /im and 7.7-7.9 fim) (|Noriega-Crespo et alj 
|2004 >. There is increasingly bright and extended PAH 
emission detected in the 8 /im IRAC band (red) towards 
the west (see bottom panels of Figure [5J, indicating 
the presence of the molecular cloud. This PAH emission 
likely arises due to the UV radiation field of the nearby 
Q7 star, SMon, ((« , <5)(J2000)=(06 h 40 m 58.7 s , +09°53'45") 
iHerreroetafll 1992ft . 

It is clear from Figure [1] that VLA 2 is situated to- 
wards the edge of the molecular cloud. As a result, the red 
lobe (and redshifted jet) travels into the less dense ambient 
medium, while the blue lobe (and blueshifted jet) push more 
deeply into the molecular cloud and is consequently highly 
extincted and mostly hidden. Therefore, we restrict our anal- 
ysis to the jet in the redshifted CO lobe of the NGC 2264 G 
outflow. 

The colour image also shows what appear to be sev- 
eral changes of direction of the redshifted jet. We note 
th at the main change of d i rectio n is seen in the H2 image 
of ICaratti o Garatti et alj (|2006l ). The IRAC broad bands 
(particularly the 4.5 /tm band) include ma ny H2 quadrupole 
transition lines (e.g. ISmith fc Rosen 2005|) and other molec- 
ular lines that are associated with low-mass outflows, such 
as CO vibrational lines and lines of PAHs (e.g. lLefloch et all 
120031 ). The increased sensitivity of Spitzer's detectors rela- 
tive to those of the same wavelength on ground-based tele- 
scopes, combined with the wealth of H2 lines covered by the 
IRAC bands, results in a much clearer and more complete 
image of the redshifted jet. 

Figure [T] presents the locations where the redshifted jet 
seems to change direction. Before the first change of direc- 
tion, at (ai,<5 1 )(J2000) = (06 h 41 m 17.0 s , +09°56'20"), we see 
several bow shock-shaped structures, which may indicate 
internal shocks along the redshifted jet. The redshifted jet 
subsequently seems to broaden before changing direction 
twice more at (a 2 , <5 2 )(J2000) = (06 h 41 m 25.5 s , +09°55'45") 



and finally at (a 3 , <5 3 )(J2000) = (06 h 41 m 28.5 s , +09°55'52"). 
The remainder of the eastern part of the redshifted jet is 
fainter, but still visible (SNR ~ 2 at 4.5 fim). 



4 DISCUSSION 

4.1 Origin of jet morphology 

Various mechanisms have been proposed to explain the 
ben ding structure of jets by a nu mber of authors. For exam - 
ple. lEisloffel fc MundtJ (|l997l ) and lFendt fc Zinneckerl (|l998l ) 
discuss the following possibilities that may cause apparent 
directional changes of the jet flow: (1) the impact due to 
side winds or overlapping outflows; (2) Lorentz forces on a 
magnetic jet (coupling between a magnetic jet and an exter- 
nal magnetic field); (3) precession due to misalignment be- 
tween rotation and magnetic fields; (4) deflection caused by 
density gradients in (or dynamical pressure of) the ambient 
medium; (5) motion of the powering source perpendicular 
to the outflow direction; and, (6) precession due to a binary 
system that has an orbital plane tilted with respect to the 
accretion disc. Mechanisms 1 and 5 produce 'C-shaped' jets, 
mechanisms 3 and 6 produce '^-shaped' jets, while the re- 
maining mechanisms (2 and 4) can produce jets with either 
C or S shapes. 

There is, to our knowledge, no published evidence for 
overlapping outflows in the NG C 2264 G region. Moreover, 
b igure 3 of lLada fc Fichl (| 19961 ) shows that the outflow is 
'S-shaped' (the eastern red CO lobe curves in the opposite 
sense to the western blue CO lobe) and symmetric with 
respect to the driving source VLA 2, meaning that the CO 
outflow does not form the characteristic overall C shape or 
bending structure one would expect from side winds. Hence, 
mechanism 1 is effectivel y ruled out f o r NG C 2264 G. We 
show the CO data from [Lada fc Fichl (|l996l ) in Figure El 
that will be discussed in more detail further below. 

We are unable to discuss the plausibility of mechanisms 
2 and 3 because, as yet, no information regarding the mag- 
netic field of th e region is available (for description of these 
mech anisms see lEisloffel fc Mundtlll997l ; iFendt fc Zinneckerl 
ll99Sft . 

We note there is a massive star near to NGC 2264 G 
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Figure 3. We show the divided 4.5 um/3.6 /im image in black contours (ranging from 1.25 to 3.1 in steps of lcr, 0.15 MJy sr -1 ), with CO 
emission (Fich &; Lada, 1998) from red and blueshiftcd lobes ovcrplotted. The black plus signs mark the location of H2 knots identified by 
ICaratti o Garatti et al, 1 hook ) and the green point represents the driving source, VLA2. The red solid and dotted contours correspond to 
high (< 39 km s — 1 ) and low (< 8 km s _1 ) velocity redshiftcd CO, respectively. Likewise, the blue solid and dotted contours correspond 
to high (< 27km s _1 ) and low (< 3km s _1 ) velocity blueshifted CO, respectively. The solid red and blue lines are a precession model 
fit, as explained in the text. 



(< 0.6 pc southwest from the knots in the blue lobe), 
SMon, ((a, ^)(J2000)=(06 1 M0 m 5 8.7 s , +09°53'45"), spectral 
type 07 Ve; iHerrero et aflll992ft whose wind and radiation 
pressure could act to force the outflow northward. Indeed, 
iFich fc Ladal (|l997T ) found that the blue lobe of the out- 
flow does bend northward: Figure 1 of their paper shows 
that the axes of the low and high velocity CO change 
their position angles at a location coincident with H2 knots 
(|Davis fc Eisloffellll995l . also observed in our IRAC images, 
R.A.«06 h 41 m 05 s , see Fig[3j). However, if this change in di- 
rection was caused by S Mon alone we would expect it to oc- 
cur further to the west, closer to the massive star. In 5 14.1,11 
we will discuss further how mechanism 4, in particular the 
molecular cloud structure, could be shaping the NGC 2264 G 
outflow. 

Mechanisms 5 and 6 can occur in binary systems if the 
binary orbital plane and accretion disc of the star powering 
the outflow are coplanar (5) or non-coplanar (6). The 5th 
mechanism can additionally o ccur if the powering so urce 
is ejected from its birthplace (|Goodman fc Arcg|2004l ). In 
the case of mechanism 5, the proper motion of the pow- 
ering source is perpendicular to the jet axis, giving rise to 
an asymmetric ( 'C-shaped') jet morpholo gy (for a detailed 
explanation, see lFendt fc Zinnecker|[l998h . As noted above, 
NGC 2264 G is a symmetric outflow so this mechanism can 
also be ruled out. On the other hand, a binary system with 
an orbital plane that is non-coplanar with the disc of the 
powering source can induce wobbling or precession of the 
accretion disc and subsequently cause precession of the jet 
(|Terquem et al.lll999l ; lBate et al.ll2000r ). We will discuss this 
6th mechanism in more detail below, in 5 14.1.21 



4-1.1 The deflection scenario 

It was sugg ested by IFich fc Lad"al (|l997n that the 
NGC 2264 G outflow is shaped by a jet that is deflected off 
the cavity wall of the outflow. This hy pothesis was based 
on the fact that iDavis fc Eisloffell (|l995h detected H2 knots 
in the regions where t he axis of the red CO lobe was found 
bv lLada fc Fich] (|l996l ) to change direction. Indeed, we note 
that the path of the redshifted jet and position of the first 



deflecti on point are in exce llent agreement with the predic- 
tions of IFich fc Ladal (|l997n . 

In this scenario, the redshifted jet initially flows along 
the centre of the red lobe of the outflow, between the two 
low- velocity CO peaks seen in Figure [3] A change in the an- 
gle at which the driving source ejects material then results in 
the redshifted jet flowing along the northern edge of the low 
velocity CO emission, before deflecting off the inner cavity 
wall approximately halfway along the outflow and contin- 
uing south-eastward. One would expect the jet to fan out 
after interacting with a denser mediu m such as a cavity wall 
or a (clump in th e) molecular cloud (|Raga fc Canto 1 1 19951 : 
IDavis et aLll2000r i and there is some trace of this behavior 
in Figure [T] after the first change in direction. 

This change of position angle of the jet at the driving 
source could have been a single abrupt change, a series of 
abrupt changes, or a continuous change. The latter type of 
change could be due to precession as we discuss in the next 
section, 5 14.1.21 An abrupt change in the ejection angle of 
the jet could be provoked by close interaction with another 
stellar member of NGC 2264, or ejection events. We have no 
evidence either to support or rule out the possibility that an 
abrupt change (or changes) did indeed occur. 

The IRAC image shows us that the redshifted jet ap- 
pears to undergo two further directional changes, one at the 
point at which the redshifted jet pierces the outflow cavity 
(denoted by the easternmost edge of the low velocity CO 
emission (a 2 , <5 2 )(J2000)=(06 h 41 m 25.5 s , +09°55'45")) 
and another further downstream 

((a 3 ,<5 3 )(J2000)=(06 h 41 m 28.5 s , +09°55'52")). Although 
the deflection scenario has some appealing aspects, the 
changes of direction in the red lobe require several deflec- 
tions of the redshifted jet off the ambient material and this, 
while possible, seems rather unlikely. 

4-1.2 The precession scenario 

In this section we explore the possibility that a continuous, 
rather than abrupt, change of jet direction - precession - 
could explain the morphology of the jet in the red lobe. 
This scenario has been used to describe the structure of 
other jets driven by protostellar sources, in particular Cep R 
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Figure 4. Schematic diagram depicting the orientation of the jet. 
The line of sight is along the X axis and the plane of the sky is 
YZ. The inclination angle i of the jet axis (dashed-dotted line) 
with respect to the line of sight to the observer is measured in 
the plane XZ, while \ m the angle of the jet axis in the plane of 
the sky. The jet is rotating within a cone that is characterized by 
an opening angle 2ip. 



(|Eisloffel et al.| [l996r) . As mentioned in § 14.11 a binary system 
in which the binary orbital plane and the accretion disc of 
the powering source are non-coplanar can lead to precession 
of the jet, which has a time-scale that increases wi th binary 
separation (|Terquem et al.lll999l ; iBate et all l2000h . Preces- 
sion could also be caused by warping instabilities in an a ccre- 
tion d isc that is threaded by a large-scale magnetic field (|Lai I 
2003). Could precession fully explain the morphology of 
the NGC 2264 G redshifted jet without invoking a deflection 
mechanism? To attempt to answer this question we use a 
simple nonr elativistic jet model from lHiellming fc Johnston! 
(|l98ll ) and iGower et al.l (|l982l ). which is described by the 
following equations: 
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s ro tsin(ip)sin(2nl / A + <f>o) 
s ro tcos(tp)sin(i) — sin(ijj)cos(i)cos(2nl / \ + 4>o] 

where (ao,5o) are the coordinates of the driving source 
VLA2; I is the distance between (a, S) and (qo,5o); 4>o is 
the initial phase of the precession at the source; A is the 
precession length scale; Sj e t is the sign for the jet (-1) or 
counterjet (1); and, s ro t is the sense of rotation (-1 for clock- 
wise and 1 for anti-clockwise rotation). Figure [4] shows ip, 
X, and i which are the precession angle, the angle of the 
jet axis in the plane of the sky, and the inclination angle 
of the blueshifted lobe to the line of sight, respectively. We 
note that cognizance of the inclination angle of the jet axis 
to the line of sight is very important in order to estimate 
the momentum and energy of the jet. Figure [3] shows a pre- 
cession model overplotted on a divided 4.5 ^m/3.6 image 
that has the following parameters (for a anti-clockwise rotat- 
ing jet): x=-185°, 00=75°, ^=8°, i=82°, and A=6.9'. For a 
anti-clockwise rotating jet we find that A may vary between 
6.5' and 7.5' and i may vary between 70° and 82°. For a 
clockwise rotating jet we find that the model describes the 



blueshifted lobe better but does not follow the redshifted 
lobe so well for the same group of parameter values. Assum- 
ing a typical vel ocity for jets driven by young protostar s of 
200 km s -1 (e.g. lEisloffel et al.ll 19961 : IComez et al.lll997T ) we 
estimate that the precession peri od is 7300-8500 yr fo r a dis- 
tance of 800 pc to NGC 2264 G. lLada fc Fichl (| 19961 ) found 
an upper limit for the dynamical time-scale of the gas in 
the outflow to be on the order of 10 4 yr, with which this 
precession scenario is consistent. 

Assuming the high velocity CO traces a molecular com- 
ponent of the jet, we may infer that the radial, or line of 
sight, velocity of the jet is ~ 40 km s . For a total jet ve- 
locity of 200 km s _1 this corresponds to an inclination angle 
to the lin e of sight i > 78° (i .e., within 22° from the plane of 
the sky). lLada fc Fichl (|l996l ) found the outflow to be highly 
bipolar and concluded that the velocity vectors of the out- 
flowing gas are directed predominately along the axis of the 
flow. From this and the high degree of collimation of the 
outflow, they concluded that the opening angle of the flow 
measured from the jet axis, be 8° and that the outflow 
should lie within 20° of the sky. Both of these constraints 
are consistent with our precession model. 

We note that the small angle to which the jet is in- 
clined with respect to the plane of the sky requires high 
resolution spectroscopic observations to measure the radial 
velocity of the jet. Unfortunately, ground-based high resolu- 
tion mid-IR spectral observations are not currently feasible 
because the jet is too faint and present space-based spec- 
trometers lack the required resolu tion. We compar e d our 
IRAC images and the H2 images of lDavis fc Eisloffell (|1995| ) 
and found no discernible proper motion of the knots along 
the redshifted jet. Future imaging observations may yield 
proper motion measurements and provide a better estimate 
of the precession time-scale using the precession length scale 
we determined via our model. Nonetheless, the inclination 
angle corresponding to a 200km s _1 jet (i > 78°) is consis- 
tent with what we derive from our model (70°^ i ^ 82°). 

If the precession is caused by a binary companion, and 
we take the precession period to be equal to the binary 
period (assuming lM© for VLA2), then the binary sepa- 
rati on would b e roug hly 400 AU. Alternatively, if we fol- 
low IBate et"al] (|2000l ) and assume the orbital period of 
the binary is 20 times that of the precession period then 
the binary separation would be about 3000 AU. In either 
case, we are unable t o resolve this hypot hetical binary 
with the present data. I Gomez et al.l (|l994h measured an 
ammonia condensation centred on VLA2 with a size of 
0.08pcx0.06pc (?al6,000x 12,000 AU). Assuming the am- 
monia emission arises from a circumstellar (or circumbinary) 
envelope then the hypothetical binary cannot be ruled out 
since its separation is within the envelope size. 

As can be seen by Figure [3] our precession model does 
not explain the easternmost knots that lie within the high 
velocity CO emission, although it fits the rest of the emis- 
sion detected by IRAC in the red CO lobe very well. Even 
though the precession model seems to foll ow the H2 knots 
detected bv lCaratti o Garatti et all l|2006l ) in the region of 
the blue lobe, it does however fail to properly describe the 
lobe's morphology as seen by the CO emission because the 
blue lobe is displaced further to the north relative to the 
path predicted by the precession model. To account for this 
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displacement we may need to a dditionally invoke a deflec- 
tion similar to that suggested bv lFich fe Ladal (|l997f) . 



4-1.3 Jet-induced broadening 

lArce & Sargentl |2006l ) found a linear correlation between 
the opening angle of protostellar outflows and the evolu- 
tionary stage of the associated powering source. According 
to their result, one would expect a small opening angle for an 
outflow drive n by a Class source such as VLA 2. This is in 
fact the case: lLada fc Fichl (| 1996h measured an opening an- 
gle for the low velocity CO of ~ 25° . How does the opening 
angle of the molecular outflow relate to that of the jet? As 
mentioned in Section JT] it remains observationally unclear 
as to what extent a jet may actually broaden an outflow. The 
"sideways splash" of material at the head of bow shocks is 
often cited as a mean s of broadening a jet-driven outflow 
jRaea fc Cabrit II 19931 ). We note the presence of bow shock- 
shaped structures along the NGC 2264 G redshifted jet in 
Figure Q] but the changes of redshifted jet direction are a 
much more significant feature. The interaction of the jet 
with ambient medium and cavity walls resu lts in a transfer 
of m omentum to the surrounding medium (|Downes fc Ravi 
1 19991 ). If the jet has some sideways motion (due to preces- 
sion or deflection) then the direction of momentum transfer 
can be perpendicular to the jet axis - and so broaden the 
outflow. We find that the action of a precessing jet may fur- 
ther provide a significant contribution to the broadening of 
the NGC 2264 G outflow: our precession modeling gives a 
total opening angle of 16°, so this mechanism can account 
for roughly 64% of the opening angle of the low velocity CO 
gas of NGC 2264 G. 



5 SUMMARY AND CONCLUSIONS 

We analysed Spitzer observations of the NG C 2264 region 
with t he aim of investigating the suggestion of lFich fc Ladal 
|l997f ) that the NGC 2264 G outflow is shaped by a deflected 
redshifted jet. Here, we summarize our findings. 

(i) A jet is clearly seen in all four Spitzer IRAC images, 
in the red lobe of the NGC 2264 G outflow, and is brightest 
in the 4.5 fim band. We find the redshifted jet to extend 
continuously across the entire length of the red outflow lobe. 
It appears to emanate directly from VLA 2, confirming this 
Class source as the driving source of the outflow. The most 
striking features of the redshifted jet image are three distinct 
points where the redshifted jet appears to change direction. 

(ii) We discuss various mechanisms that can result in 
changes of jet direction and explore further the two most 
likely, deflection and precession. We are able to explain the 
majority of the redshifted jet structure, as seen by IRAC, 
with a simple precessing jet model. This model predicts a 
precession time of ~8000 yrs for a jet velocity of 200 km s _1 . 
The precession of this jet may contribute to the broaden- 
ing of the red lobe and account for its overall morphology, 
however, this model cannot satisfactorily explain the entire 
morphology of the blue CO lobe without invoking an addi- 
tional change in direction o r deflection of the un derlying jet 
similar to that proposed bv lFich fc Ladal (1 19971 ). 
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